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器液位所造成的影响，应用 DFM 机制对其进行 PSA 分析。首先选取系统关键的







通过本文内容的研究，我们掌握了 Markov/CCMT 和 DFM 机制的理论和方
法应用，可为开发自主知识产权的动态 PSA 分析软件提供理论基础。 

















Dynamic probabilistic safety assessment (PSA) methodologies are defined as 
those that can account for the coupling between the triggered or stochastic logical 
events in system reliability modeling through explicit consideration of the time 
element in system evolution. Dynamic PSA can overcome the shortcoming of 
traditional PSA methodologies and effectively validate the reliability and safety of 
digital instrumentation and control systems. Two methodologies, i.e.,  
Markov/Cell-to-Cell Mapping Technique (Markov/CCMT) and Dynamic Flowgraph 
Methodology (DFM) have been investigated, which are two most appropriate 
techniques for the reliability and safety modeling of digital instrumentation and 
control systems that were proposed by Nuclear Regulatory Commission report 
NUREG/CR-6901. 
Suppose that a small-break loss of coolant accident of main feed-water piping 
happens when the system is under full power operating, we conduct the PSA for the 
AP1000 main feed-water system with the Markov/CCMT methodology. In the process 
of PSA, a main feed-water pump and a main feed-water regulating valve have been 
chosen as the failure components. Firstly, the transition probabilities of the component 
state combinations have been calculated. Then all the possible failure scenarios have 
been considered according to the system states and simulate these scenarios with 
system model built on 3KeyMaster simulation platform. The next step is to calculate 
the cell transition probabilities. At last, the probabilities of the top events, steam 
generator at low level and steam generator at high level have been obtained. Through 
the Markov/CCMT methodology, some important failure cases can be avoided from 
being lost, the competition of top events can be solved, and the accurate time for 
failures can be obtained as well. 
In this study, the impact on steam generator water level at full power level has 
been considered due to components failure in main feed-water system of CPR1000. 
















choose the critical system physical variables, and construct decision tables and 
discrete node states according to the data produced by the simulation platform of 
CPR1000 nuclear power plant, and then the deductive analysis and inductive analysis 
according to the constructed DFM model have been conducted. Through deductive 
analyze all the prime implicants of the top event, i.e., steam generator at high-high 
level can be obtained. The prime implicants can interpret all possible factors which 
lead to top events, meanwhile, when combined with different component failure 
models, can instruct operator to take some appropriate strategies to avoid the 
accidents. The inductive analysis is similar to failure model and effect analysis 
(FMEA), which can obtain the effect on system under different initial conditions. 
Through the research of this study, the theory and application of Markov/CCMT 
and DFM methodology have been determined, which will provides a theoretical basis 
for developing the dynamic PSA software with proprietary intellectual property rights.  
Keywords: Digital instrumentation and control systems; Main feed-water system; 
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为了弥补传统 PSA 方法的不足，对数字化控制系统进行动态 PSA 分析更能
有效地验证系统的可靠性及安全性。准确的系统设计验证的 PSA 分析结果，它
可用来确定安全功能可以正确运行所必需的诊断能力。2006 年，美国核管会委





















1.2  动态概率安全评价分析方法发展与研究现状 
在 PSA 的应用与实践方面，美国一直走在世界前沿。美国早在 20 世纪 80
年代，就要求已建的核电厂做 PSA 分析，并要求新建的核电厂在建造许可证发




PSA 技术在技术规格书中的应用以及 PSA 技术在管道在役检查中的应用等提供
了具体的指导和要求。除了美国核管会，国际原子能机构 IAEA 也在大力推动
PSA 技术，先后出版了一、二、三级 PSA 实施指南和审查指南以及大量的 PSA
应用的技术文件，并在其新的安全标准中明确加入了完成 PSA 等要求。世界上
越来越多的国家都不同程度上开展了 PSA 相关的工作，并且尝试越来越多的应










（Continuous Event Tree Method ，CET）的计算可行性[9]，但 CET 方法更具理论
价值，可操作性不强；Cacciabue.P.C 等研究人员采用动态逻辑机制（Dynamic 
Logical Methodology，DYLAM）方法分析波音 747 着陆程序[10]和保护系统软件




















将来的错误等要求。同时，NUREG/CR-6901 报告指出目前还没有一种动态 PSA 
方法满足所有特点要求，而 DFM 和 Makov/CCMT 两种方法是弊端最小、不确定
性因素最少的动态方法之一[7]。 
继 美 国 核 管 会 报 告 NUREG/CR-6901 发 表 后 ， Aldemir 等 人 在
NUREG/CR-6942 报告中将 NUREG/CR-6901 得出的结论进行扩展，阐述了 DFM
模型在数字化仪控系统建模中的使用准则，并将 DFM 应用于数字化给水控制系
统的安全分析中[12]。除了美国核管会的研究以外，麻省理工学院和剑桥大学的











究人员将 DFM 应用于航空航天领域的安全分析，他们采用 DFM 机制对空间运
载火箭的数字化飞行控制系统进行分析；Rattikorn Hewett 等人采用了二阶决策
































NUREG/CR-6985 中指出，动态 PSA 方法可以将数字化仪控系统的特征融入已有
的 PSA 模型[18]。此外，布鲁克海文国家实验室的 T.L.Chu 等人于 2008 年发表了
NUREG/CR-6962，报告更加详细地描述了传统 PSA 方法和 Markov/CCMT 在数
字化仪控系统上的应用。随后 T.L.Chu 等人于 2009 年在报告 NUREG/CR-6942 
和 NUREG/CR-6985 的基础上发布了 NUREG/CR-6997，该报告分析了应用
FMEA 方法和 Markov/CCMT 机制对数字化仪控系统进行可靠性分析的优点和
不足[19]。Markov/CCMT 机制目前在其他领域的应用还较少。本文采用该方法进
行 AP1000 主给水系统可靠性分析。 
1.3  研究内容 
本文主要针对核电厂的数字化仪控系统，对动态 PSA 方法进行研究。论文
研究内容如下： 
第一章主要介绍 PSA 的基本概况、课题背景及意义。 
第二章主要介绍常见的动态 PSA 方法，并简要描述传统 PSA 分析方法的不
足。  
第三章将采用 Markov/CCMT 机制对 AP1000 给水控制系统进行安全分析。
首先介绍了 Markov/CCMT 机制的基本情况；其次，采用 Markov/CCMT 机制进
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